[Abstract] With the recent implementation of the CRISPR/Cas9 technology as a standard tool for genome editing, laboratories all over the world are undergoing one of the biggest advancements in molecular biology since PCR. The key advantage of this method is its simplicity and universal applicability for species of any phylum. Of particular interest is the extensively studied Gram-negative bacterium Escherichia coli, as it is considered as the workhorse for both research and industrial purposes. Here, we present a simple, robust and effective protocol using the CRISPR/Cas9 system in combination with the λ Red machinery for gene knockout in E. coli. Crucial in our procedure is the use of a double-stranded donor DNA and a curing strategy for removal of the guide RNA encoding plasmid that allows starting a new mutation after only two working days. Our protocol allows multiple, stepwise gene knockout strains with high mutagenesis efficiencies applicable for high-throughput approaches.
Procedure
Generally, our CRISPR/Cas9 knockout protocol for Escherichia coli employs three main components:
2) pCRISPR-SacB-gDNA plasmid (Procedure B)
3) The mutagenic double-stranded donor DNA oligonucleotide (Procedure C).
First, we transform with the pCasRed plasmid (1), which encodes not only the Cas9 endonuclease but also the λ Red machinery (see Procedure A for details). In a subsequent step, we then co-transform with the pCRISPR-SacB-gDNA plasmid (2) and the mutagenic double-stranded donor DNA (3).
Our protocol results in the inactivation of a target gene by directing the Cas9 endonuclease to the 5'-end of the target locus through a specifically designed guide RNA, encoded and previously cloned into the pCRSIPR-SacB-gDNA plasmid (see Procedure B for details). Upon DNA cleavage at the target locus, the mutagenic double-stranded donor DNA (ds-dDNA) allows for λ Red-assisted repair of the double strand break, thereby introducing an in-frame stop codon and removing the original protospacer adjacent motif (PAM) region ( Figure 1) . A workflow is shown in Figure 2 .
When required, plasmid curing can be executed through sucrose selection, following Hale et al. (2010) (for other references see Gay et al., 1983; Steinmetz et al., 1983; Gay et al., 1985; Murphy et al., 2000) .
Briefly, the SacB gene encodes for levansucrase from Bacillus subtilis, which metabolizes sucrose into a toxic product if E.coli grows in the presence of this disaccharide. Therefore, cells will only grow if they have lost the pCRISPR-SacB-gDNA plasmid. nucleotides work better with ds-dDNA of 120 base pairs (Zerbini et al., 2017) .
Before you get started, you should start with the design of guides (Procedure B, Figure 3 ), donors and primers (Procedure C, Figure 4 and Figure 5 , respectively). We recommend ordering them before moving to the wet laboratory procedures. We also recommend referring to the oligonucleotide sequences (target sites, donor DNAs, primers for colony PCR) published in our original research paper (Zerbini et al., 2017) if you want to include any positive control in your own experiments. Step 1 includes the construction of the three main components needed for this protocol (see Figure   1 ). The E. coli strain you want to gene-edit (e.g., E. coli BL21(DE3)) has to be transformed with the 2. The pCRISPR-SacB plasmid (Zerbini et al., 2017 ) is available from our laboratory upon request.
It derives from the pCRISPR plasmid and the pKM154 plasmid from Addgene (#42875 and #13036, respectively).
Briefly, pCRISPR-SacB contains a cloning site, which allows insertion of a self-designed (see 3. Order two complementary single-stranded synthetic oligonucleotides covering the protospacer minus the PAM region as described above, and five additional nucleotides to support the ligation during the subsequent cloning step (for example see Figure 3 ). The will code for the genespecific guide RNA. 
l. The ligation reaction (10 µl) is used to transform E. coli DH5α chemically competent cells to
obtain the pCRISPR-SacB-gDNA plasmid (see Step E2 for transformation via heat-shock).
Note: If you do not want to use commercial E. coli DH5α cells, you can also prepare your own batch of chemically competent cells (Step E1).
m. Incubate at 37 °C with vigorous shaking (200 rpm) for 1 h.
n. Plate the transformation mix on LB-agar (see Recipes) containing kanamycin (50 µg/ml).
Note: As transformation efficiency should be high at this stage, do not plate the entire transformation mix but rather 100 µl or 200 µl only.
o. Incubate the LB-agar plate at 37 °C overnight.
p. Inoculate 5 ml LB containing kanamycin (50 µg/ml) from a single colony and incubate at 37 °C overnight.
q. Isolate the plasmid from the overnight culture using a QIAprep Spin Miniprep Kit.
r. Analyze the plasmid by DNA sequencing using a primer (primer sequence: 5'-GCCCAGTCATAGCCGAATAG-3') for the plasmid annealing downstream of the inserted fragment encoding the guide. The primer can be used for all pCRISPR-SacB-gDNAs and is therefore universal for every cloning of different guides.
If positive, your pCRISPR-SacB-gDNA plasmid is ready for the following mutagenesis step (Step E4a.ii).
C. Design of mutagenic donor DNA and primers for PCR screening 1. We recommend designing your mutagenic donor DNA (dDNA) in a way that will result in the is also eliminated to prevent further cleavage through Cas9. Finally, a reverse complement oligonucleotide is designed to get a double-stranded dDNA. 3. Start from an overnight culture taken from a frozen/glycerol stock before each bacterial manipulation step, if not stated otherwise.
E. Gene knockout using CRISPR/Cas9
For preparation of the pCRISPR-SacB-gDNA plasmids (see Step B4) we recommend using E. coli DH5α cells, which have to be made chemically competent and transformed via heat-shock (Steps E1 and E2). Instead, the strain you want to use for all mutagenesis experiments should be prepared for electroporation (Steps E3 and E4) to increase transformation efficiency.
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The strain should be first transformed via electroporation (Step E4) with the pCasRed plasmid (from
Step A1) before transforming via electroporation with the pCRISPR-SacB-gDNA plasmid (generated in Step B4). e. Discard the supernatant and resuspend the pellet in 5 ml of ice-cold, sterile 100 mM MgCl2.
f. Keep the suspension on ice for 30 min.
g. Harvest the cells by centrifugation at 2,500 x g for 20 min.
h. Discard the supernatant and gently resuspend the cell pellet in 1 ml of ice-cold, sterile 100 mM CaCl2 in 15% glycerol and prepare aliquots of 110 µl.
Note: If you started with a higher culture volume keep a ratio of 10 ml 100 mM CaCl2 in 15%
glycerol/50 ml starting culture for resuspension. Make sure you will have enough cells from the colony for further analysis (see Step E7 and/or E8) by inoculating onto a transfer plate before dipping into the PCR reaction tube. 
Data analysis
To verify if the mutation has been successfully obtained, a colony PCR must be performed (see Step E5) and subsequently analyzed via gel electrophoresis using a 2% agarose gel (see Step E6). The size shift can be observed and documented using a gel documentation system ( Figure 5 ). If a colony results to have a fragment equal to the wild type control, it is a so-called escaper (Jiang et al., 2013) .
Finally, DNA sequencing using one of the gene specific primers employed also in colony PCR (Step E5) must be performed to confirm the mutation. 
